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SUMMARY

The purpose of conducting the flow-field surveys described in this report was to more fully document the flow

quality in several areas of the tunnel circuit in the NASA Glenn Research Center Icing Research Tunnel. The results
from these surveys provide insight into areas of the tunnel that were "known to exhibit poor flow quality characteris-

tics and provide data that will be useful to the design of flow quality improvements and a new heat exchanger for the

facility.

An instrumented traversing mechanism was used to survey the flow field at several large cross sections of the

tunnel loop over the entire speed range of the facility. Flow-field data were collected at five stations in the tunnel

loop, including downstream of the fan drive motor housing, upstream and downstream of the heat exchanger, and

upstream and downstream of the spraybars located in the settling chamber upstream of the test section. The data
collected during these surveys greatly expanded the data base describing the flow quality in each of these areas. The

new data matched closely the flow quality trends recorded from earlier tests. Data collected downstream of the heat

exchanger and in the settling chamber showed how the configuration of the folded heat exchanger affected the
pressure, velocity, and flow angle distributions in these areas. Smoke flow visualization was also used to qualita-

tively study the flow field in an area downstream of the drive fan and in the settling chamber/contraction section.

INTRODUCTION

Detailed flow-field surveys were conducted throughout the tunnel loop of the NASA Glenn Icing Research

Tunnel to augment the existing data base on flow quality. These measurements were necessary because in several
areas of the tunnel loop there were either known or suspected flow quality problems. Limited data were available

from several locations in the tunnel loop, but gaps in the data set restricted the usefulness of these data in answering

questions pertaining to facility design for improved flow quality. The data collected during the surveys described in

this report were intended to fill the gaps in the existing data base.
Figure 1 shows the six areas of the tunnel loop where flow quality studies were conducted: downstream of the

fan, downstream of the drive motor housing, upstream and downstream of the facility heat exchanger, and upstream
and downstream of the spraybars, which are located in the settling chamber upstream of the test section. Flow-field

measurements were made at five stations around the tunnel c_ircujt by using instrumented plates riding on cables, and
flow visualization tests were conducted at two tunnel stations. Each of the stations was the site of multiple surveys

with the instrumented plates; at four stations vertical surveys were made, and at three stations horizontal surveys
were made. The instruments mounted on the plates sensed the total and static pressures, total temperature, airspeed,

flow direction, and turbulence levels. These data provided very detailed quantitative information about the flow field

at each station surveyed. Smoke flow visualization provided qualitative data both. on the flow field downstream of

the fan, where earlier studies indicated poor flow quality, and on the flow field in the settling chamber upstream of
the test section.

There was a major concern about the effect of the facility heat exchanger on the overall flow quality in the

tunnel. Figure 2 shows an elevation view of the facility primary heat exchanger. The folded design of the heat

_Whenthis testing was done, the NASA Glenn ResearchCenter was known as the NASA Lewis Research Center. The new name, NASA
John H. Glenn Research Center at Lewis Field, became official on March 1, 1999.
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exchangerincreases the area available for cooling, which is required to create the cold static temperatures needed to

produce icing conditions. There are three folds in the main heat exchanger. At each fold, contoured fairings are used

to house coolant supply and return piping, thereby reducing the totaI pressure loss of the heat exchanger. Although

the heat exchanger is absolutely necessary to produce the low temperatures needed for icing simulations, it does
degrade the aerodynamic flow quality of the facility (ref. l). In addition to documenting the existing flow quality at

these stations in the tunnel loop, we conducted a sensitivity study to determine the effect of the heat exchanger's

turning vanes on the flow downstream from the heat exchanger. A symbols list is provided in appendix A to aid the
reader.

DESCRIPTION OF FACILITY

The NASA Glenn Research Center Icing Research Tunnel (IRT) is a closed-loop atmospheric tunnel with rec-
tangular cross sections. The airflow is driven by a 25-ft-diameter 12-blade fan that is powered by a 5000-hp electric

motor. The tunnel test section is 6-ft high, 9-ft wide, and 20-ft long. The velocity in an empty test section can be

varied from 50 to 400 mph (Mach number range of 0.065 to 0.56) at 0 °F. A schematic of the tunnel is shown in

figure I. A 2100-ton heat exchanger (cooler) located in the tunnel leg between corners C and D is used to control the

tunnel air temperature. The heat exchanger (see fig. 2) has been designed with folds to increase the amount of
coofing area available. Fairings at the heat exchanger folds house inlet and outlet piping for the coolant. A set of

eight horizontally oriented spraybars, located upstream of the test section, inject atomized water into the airflow to

create icing conditions (no icing conditions were studied in these tests). A complete description of the facility can be
found in reference 2.

INSTRUMENTATION AND TEST HARDWARE

Flow-Held Surveys

Several different types of flow-sensing probes were used during the flow-field surveys, including pitot-static

probes, thermocouples, hot-wire anemomet D' probes, and wind anemometers. A traversing plate mechanism was
used to position the probes at any point along a particular survey plane. The survey planes studied during these

surveys are shown in figure I. The traversing plate mechanism and each of the probe types are described in the

following paragraphs.

Pressure probes.--Standard pitot-static probes were used to sense the total and dynamic pressures. Two pitot-

static pressure probes were mounted on each traversing plate. Originally, the pressure probes were on supports that
moved the probe heads well off to the sides of the plates to allow for measurements closer to the tunnel surfaces.

These probes were replaced with probes that extended directly forward of the plate. This change was made because

we felt that tKes_ma_lle_rprobes mi'ght enhance the stability of the_Plate_n the airflow_The transducers used iomeas-
ure the total and dynamic pressures were mounted on the tunnel floor at the survey Station to reduce the length of the

pressure tubing. Absolute transducers (0- to 25-in. H20 range) were used for the total pressure measurements, and

differentiai pressure transducers were Usedfor the dynamic pressure measurements. (Transducers in the 0- i0 I :in.
HzO range were used for the first run; all subsequent runs used transducers in the 0- to 5-in. HzO range.)

T_h_O-co-u-_s.-_One Chromei-Alumei (type Kyh-spirated thermoCouple Was mounted on each traversing plat6

to measure the total temperature distribution. Such thermocouples are accurate to _+1 °R.

Wind anemometers.--Vane wind anemometers were used to measure airspeed and two components of flow
angle. (A typical wind anemometer is shown in fig. 3.) The wind anemometers were calibrated for airspeed and flow

angle prior to the tunnel tests. Linear calibration relationships were used to convert the Output from the anemometers

directly to engffieering uniis_ TheseinshZuments are accurateto v_tlain +_3.28 ft/sec in airspeed_ _,-0135_ in pitch angle,

and _+0.25° in yaw angle.
Hot-wire ahemometry.--Hot-wire anemometry was used to measure the mean airspeed, turbulence levels, and

flow direction. Commercially available hot-wire probes (one- and two-component probes), constant temperature

anemometers, signal conditioners, and a i 2-bit anal0g4o2digital converter were used. A personal computer with

commercially available software controlled the data acquisition and carded out the subsequent data reduction.

Traversingplates.--For obtaining velocity and pressure distribution data across the large sections of the tunnel,

a traversing plate mechanism was used. This apparatus consisted of a flat plate supported by cables at the leading
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andtrailingedges.ThecableswereattachedtochannelsthatweremountedtOthetunnelwalls.Theleadingedge
cablerodeonapulleydrivenbyaremotelycontrolledelectricmotor,sotheplatecouldbepositionedatanypoint
acrossthetunnel.Thetraverseswereoperatedalongbothhorizontalandverticalsurveys.Twotraversingplate
setupswereusedsimultaneouslyateachtunnel-loopareasurveyedduringthesestudies.Figure4showsthis
apparatusinstalleddownstreamofthespraybarsinthesettlingchamber(surveystation5).Twodifferentinstru-
mentationlayoutswereusedforthetraversingsurveys(seefig.5),dependingonthetypeofpitot-staticprobeused.
Configuration1wasusedforsurveysmadedownstreamoftheheatexchanger(station3)andforsomesurveys
upstreamofthespraybars(station4);configuration2wasusedforallothersurveys.

Data system.mReal-time data acquisition and display were provided by Escort D+, the standard data system

used in the large test facilities at the NASA Glenn Research Center. This system was used to record the signals from

all steady-state analog signals (all pressure transducers, thermocouples, wind anemometers, traverse controls, and

tunnel parameters; hot-wire anemometry data were collected by using a separate system, as described previously).
The Escort D+ facility microcomputer acquires the data, converts the data to engineering units, executes perfor-

mance calculations, checks limits on selected channels, and displays the information in alphanumeric and graphical

form at a rate of I update/sec. For this test, each collected data reading was the average of 20 scans (20 sec) of data.

Flow Visualization

A commercially available hand-held smoke wand system was used to manually place smoke into the airstream

for visualization purposes. In this system, liquid propylene glycol is heated to form a superheated vapor, which is

forced through an 8-ft-long wand. The vapor condenses to form a viable cloud when it is discharged from the nozzle
at the end of the wand. This smoke-generating system permitted visualization of the flow field around the drive

motor housing and in the settling chamber upstream of the test section.

TEST PROCEDURES

Prior to the start of the test entry, the hot-wire probes and wind anemometers were calibrated over the expected

operating range by using the free-jet calibration rig in cell CE-12 of the Engine Research Building. During
installation of the traversing hardware, all appropriate measurements were made to determine the position of the

probes during the surveys. Prior to each run, the traversing plate position was calibrated. A simple two-point cali-
bration relating distance from the reference surface (as measured by a tape measure) to the output voltage was used.

For vertical surveys, the traverse position was referenced to the tunnel floor; for horizontal surveys, the inside tunnel

wall was the reference. The pressure transducers were also zeroed prior to each run (the delta pressure transducer

output was set to zero, and the absolute pressure transducer output was set to match the barometric reference

pressure).
The test matrix for the flow quality surveys is given in table 1. The order in which the surveys were made can be

inferred from the run number column: the first surveys were conducted downstream of the heat exchanger and the

last were downstream of the spraybars. (The testing priority was based on the need for the data.) For each test run,

the tunnel total temperature was held constant at 40 °F (500 °R). All tests were conducted with an empty test section
(no blockage in the test section). No air or water sprays were used during these surveys. Each survey was conducted

at airspeed conditions based on test section velocities Vrsof 350, 250, 150, and 50 mph (only the data for 350 and

250 mph are presented in this report). Typical test section conditions are listed in table 2. At most of the survey
stations, two surveys were made. For the first, the traverse was stopped at discrete points along the survey line, and

data were collected from all the instrumentation at each point. The second was a continuous motion survey in which

data were collected from only the hot-wire instrumentation. For most test runs, the discrete point surveys were
conducted first, starting at the highest test section velocity then stepping down through the velocity schedule. The

continuous surveys were conducted next, starting at the lowest velocity setting and stepping up through the range.

Data were collected in both directions across the survey line 01e., from floor to ceiling and back to the floor for a

vertical survey). For the discrete point surveys, data were collected every 6 to 12 in. along the initial survey and then
in 18- to 36-in. increments along the return survey. One data reading was collected at each survey increment (20 sec

of data were averaged for each data reading). For each survey, about 50 data readings were collected. All data were

monitored online with the Escort D+ displays. A detailed log was maintained to track any data anomalies that

occurred during the testing.

NASA/TM--2000-107479 3



DATAREVIEWANDREDUCTION

Thefirststepofthedataanalysisprocesswastoreviewthequalityofthecollecteddata.Thiswasdoneby
reviewinggraphicaloutputandtabularlistingsofthedata.Anyanomalieswerenotedandinvestigated.If thecause
fortheanomalycouldbedeterminedandcorrected,theappropriatemodificationsweremadeinthedataanalysis
software;otherwise,thequestionabledatawerenotusedinanyfurtheranalysis.Theonlymajoranomalythatwas
foundduringthedatareviewwasthemismatchofthetotalpressurelevelssensedbythetwoprobesoneachtraverse.
Thedifferenceinpressurelevelswastoosmalltodetectduringthedatacollection.Sincetheprimaryintentofthe
testwastodeterminetheflowqualityinthetunnelloop,thedatatrends--nottheabsolutevaluesofthedata--were
ofgreaterimportance.Inordertobetterunderstandthedatatrends,themeasurementoffsetofonepressuremeasure-
mentwasadjustedsothattheabsolutepressurelevelssensedbythetwoprobeswerethesame.Indoingthis,one
continuousdatatracewascreatedwiththedatafromthetwopressureprobes.Thisgreatlysimplifiedthetaskof
analyzingthepressuredistributionsateachstation.Theoffsetsweregenerallysmall,ontheorderof0.010to
0.020psia,althoughlargeroffsetswererequiredinsomecases.Probe1readingswereusedasthereference
pressure,andprobe2datawereadjustedtomatch(therewasonlyoneexceptiontothisrule).Thedifferenceswere
probablyduetoincorrectlysettingthetransduceroffsetspriortoeachtestrunandduetotemperaturechangesinthe
tunnelduringthetesting(thetransducersweremountedinsidethetunnelforeachtest).Thesesmallchangestothe
totalpressurelevelshadnoeffectontheremainingdataanalysis.However,thetotalpressurelevelsatdifferent
traversepositionscannotbecomparedtodeterminegradientsatastation,norcandatafromdifferentstationsbe
comparedtodeterminelossesthroughthetunnelloop.

Staticpressurewascalculatedfromthemeasuredtotalanddifferentialpressuresfromthefollowingequation:

=g-ae (i)

The Mach number was then determined from the ratio of static to total pressure (eq. (44) from ref. 3) by using

7 = 1.4:

Velocity was determined by using the definition of Mach number, M = V/a, where a is the speed of sound

(a = (yRTs) °_ ). The static temperature T, was calculated by using the following relation (eq. (43) from ref. 3):

L (3)
T, - 1+0.2M__

For _¢ one ffata point (reading), therewei:e-two_ts of pressure mea_ureinents (one from each Of the two p-it0t-static

p_s mounte_on_acff__fid_dne-i_mperaTure measurem_nt._e-'ins_'_eniat_on-w-as-configurec[- sug-h thal
the thermocouple was about midway between the two pressure probes, so the one temperature measurement was used

in the calculation of velocity at both pressure probe positions. The local velocity was then determined by using

V = M- a (4)

The output from the thermoco-uples and wind anemometers was converted to engineering units_via calibration _curves,

The absolute value of the flo_es m_easured by the wind anemometers was slightly affected by the angle of the
plate, however the trends indicated by the da=tawere not. - --_

The hot-wire probes were calibrated in a free jet prior to use in the IRT. The calibration curves related the mean
airspeed to the voltage output_e_lot-film probe. Once the cal]br-afi0n-curves Weregenerated, they were-used to

transform the raw bridge voltage data into unsteady velocity data. Means and standard deviations of the unsteady

velocity data were then computed. Turbulence intensity was computed from these statistical quantifies:
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DISCUSSION OF RESULTS

Flow-Field Surveys

Flow quality measurements were made at stations 2 through 6, as illustrated in figure 1, around the tunnel circuit

of the Icing Research Tunnel. At each station, surveys were made across the tunnel cross section in order to docu-
ment the total and static pressure, total temperature, airspeed, flow direction, and turbulence levels over the operating

speed range of the facility. The data collected and the results of the data analysis at each station are discussed in the

sections that follow. The data presented in this section--that is, the total and static pressures and total temperature--

were normalized by the corresponding test section condition. Because the transducers were placed inside the tunnel,
the transducer zeros drifted, so some of the pressure data indicated unreasonable pressure levels (slightly higher total

pressures); however, these had only a small effect on the data set, and the overall data trends were unaffected. Only
data corresponding to test section airspeeds of 350 and 250 mph are presented in this report (data at 150 and 50 mph

are not included). This decision was made primarily for brevity, in that the data trends recorded at the high-speed
conditions were also seen at the lower speed conditions and because some of the instrumentation (generally the wind

anemometers and in some cases the pitot-static probes) did not always operate reliably at the low airspeeds encoun-

tered in the tunnel loop at Vrs = 150 or 50 mph. A listing of all collected readings is contained in appendix B.

Appendix C has tabular listings of flow-field survey data for the 250 and 350 mph Vrs conditions.

Station 2: Downstream of the fan drive motor housing.--Two vertical and two horizontal surveys were made

downstream of the drive motor housing. The survey plane was approximately 23.75 fi downstream of the aft end of

the housing. The tunnel at the survey plane is 29.17-ft wide by 26.17-ft high. The traverse locations were at intervals

approximately one-third the tunnel dimension; the vertical surveys were made at 9.46 and 19.52 fi from the south
(inside) tunnel wall, and the horizontal surveys were made at 8.69 and 17.5 fi above the tunnel floor. All surveys

were made under standard tunnel operating conditions and with the standard configuration.

The total pressure data along the station 2 vertical surveys are shown in figure 6. These data show a fairly
uniform pressure profile over the upper half to two-thirds of the survey, but they indicate a high-pressure region at

the lower portion of this station. The effect is more evident at the traverse location nearer the inside tunnel wall. The

high-pressure region decreases with decreasing airspeed. Figure 7, which presents the static pressure data along the

vertical surveys at station 2, shows a fair amount of data scatter at the Vrs= 350 mph setting, probably because the
transducers are located inside the tunnel. These data indicate that there is a static pressure gradient in the vertical

plane, with the higher pressures occurring near the ceiling.
Figure 8 contains the velocity data from the pressure probes along the vertical surveys at station 2. The reason

for the discrepancy between the total pressure and velocity levels measured by the two probes on traverse 1 is not
known. These data show that there is a large velocity gradient in the vertical plane, with lower airspeeds closer to the

tunnel ceiling. This result is consistent with the trends shown by the total and static pressure data. The gradient is
more severe closer to the inside tunnel wall.

Velocity measured by the wind anemometer is shown in figure 9. These data match the pressure probe data very

closely in both magnitude and trend, confirming the strong negative gradient from floor to ceiling. Comparison of the

pressure probe data and wind anemometer data from traverse 1 shows that the results from the pressure probe closer

to the inside tunnel wall (probe 2 for this configuration) and those from the wind anemometer closely agree at all
conditions. (This implies that the difference in the airspeeds measured by pressure probes 1 and 2 on traverse 1 was

due to some problem associated with probe 1, which makes the data from that probe suspect for this configuration.)

Total temperature data along the vertical surveys at station 2 are given in figure 10. In general, these data show a

uniform temperature profile in the vertical plane with variations of less than 2 °R, although there was a 4 °R gradient
measured near the inside tunnel wall at the Vrs = 350 mph setting (higher temperatures were measured near the tun-

nel floor).
For a better understanding of the flow angularity data downstream of the drive motor housing, where the effects

of the fan rotation are very prominent, see the definitions of the expected flow direction components in figure 11.

NASA/TM--2000-107479 5



Positivepitchflowangleisdefinedasupflow,andpositiveyaw(crossflow)angleisdefinedasflowfromtheinside
totheoutsidetunnelwall.Figure12showsthepitchflow"anglealongtheverticalsurveysatstation2.Theexpected
distributionwouldbepitchanglesthatarelargernearthemidpointoftheverticalsurveysthannearthetunnelfloor
orceiling.Downwardflow(negative pitch angles) would be expected along the inside tunnel wall (traverse 1) with

upflow (positive pitch angles) along the outside tunnel wall (traverse 2). This is the general trend indicated by the

data, although traverse 1 data does indicate positive pitch flow angles (this could be due to the angle of incidence of
the traverse plate, which was not measured or otherwise accounted for in the data reduction).

The yaw flow angle distributions along the vertical surveys at station 2 are given in figure 13. The data show

that there is a negative yaw angle along the upper portion of the survey (flow from outside to inside wall), a positive

yaw flow angle along the lower portion of the survey, and a 0 ° yaw angle at the center of the survey for all test con-

ditions. These results are consistent with yaw angle expectations based on the swirl produced by the fan rotation. The

maximum yaw angle recorded was approximately 10° in both the positive and negative directions. The data also
indicate more of a gradient in yaw angle along the upper portion of the surveys; along the lower portion the distribu-

tion is more uniform. The difference in the shape of the distribution above and below the centerline nmy be due to
the drive motor housing supports, which may straighten the flow somewhat below the centerline.

Results from the hot-wire anemometry measurements are presented in figures 14 through 18. Figure 14 shows
the mean axial velocity distribution measured by the hot-wire probes along the vertical surveys made at station 2.

These data agree very well in magnitude and trend with the velocities recorded by the pressure probes and wind

anemometer. Figure 15 shows that the vertical velocity gradient is apparent for all test conditions, that the gradient is

more pronounced along the inside wall traverse, and that higher mean velocities were recorded nearer the inside
tunnel wall.

The pitch flow angles measured by the hot-wire probes are presented in figure 16. Again, these data closely

agree with the wind anemometer pitch flow' angle data in both magnitude and distribution. The axial turbulence

intensity for this test configuration is given in figure 17, which shows that axial turbulence intensity increases with
distance from the tunnel floor (the local velocity at this station decreases with distance from the tunnel floor). The

axial turbulence varies from about 10 percent near the floor to as high as 30 percent toward the ceiling. Also, slightly

higher axial turbulence levels were recorded along traverse 2, nearer the outside tunnel wall (lower velocities were
recorded aiongii'ti{,er-se _ than al-ong traverse l).Sqrrdlar trends-were seen f0r turbu]ence levels in the vertical direc-

tion for these surveys (fig. 18). These trends are due to the disturbances caused by the drive motor housing and to the

poor airflow distribution out of the fan along the outsidetunne-i wall.

Figures 19 and 20 show, the total and static pressure ratio distributions, respectively, for the horizontal surveys

made downstream of the drive motor housing. The data from traverse 1 (upper survey) indicate a fairly uniform total
pressure distribution across the tunnel for all the conditions; however, traverse 2 (lower survey) data indicate uni-

form total pressure distributions only for the Vrs = 150 and 50 mph settings. At the Vrs = 350 and 250 mph settings,

higher total pressure levels were recorded along the inside half of the survey. At the Vrs = 350 mph setting, the data
show a higher total pressure region along the lower traverse between 100 and 200 in. from the inside tunnel wall.

The static pressure distributions show fairly uniform distributions (variations on the order of 0.010 psia), although

there is a slight staticpressure gradie_!t atthe Vrs = 250 mph setting, with higher static_pressures nearer the inside
tunnel wall (the data scatter at the Vrs = 350 mph setting masks any trend in the distribution).

The pressure probe velocity data from the horizontal su_'eys are given in figure 21.2 The data indicate that the

airspeed _s much higher along the inside half of the Survey plane, especiall_ for-trax>erse 2 -(lower survey). The veloc-

ity peaFat abouf 140 inl frbm the insfde tunneI wall corresponds to tlieposi_ion of t_e]u_ghtotal pressure levels
shownin figure 19. This high velocity is probably due to the presence of th-e drive motor iiousing supports.The low

velocities recorded near the outside tunnel wall confirm results from past studies (ref. 1) and the current flow visuali-

zation. The wind anemometer velocity data (fig. 22) agree closely with the pressure probe velocity data in both trend

and magnitude. Comparison of the wind anemometer data and pressure probe data on traverse 1 shows that pressure

probe 2 -and-the wind ane-rnoineter-ag_e (as war the case forthe _ertic-aTstirk, eys at this station; data--fr0m probe 1 is

considered suspect): o_- ............ _ _ _ ....... __ ....
Th_zontal iotaf _emiaefature distfib_Jtions-i-t_g. 23)indicatea gr_ent acros_ the tuimeI, with higher temper-

atures recorded near the inside tunnel wall._I'he gradient is most evident at the Vrs = 350 mph setting, where a 3°
g4adient was recorded foi: ii'dverse 2 (lower survey) and a 2° gradient for theupper traverse. The magnitude of the

gradient decreases with decreasing velocity.

'As a check of the data quality, the velocities measured along the vertical and horizontal surveys were compared where the survey lines
intersected. For all cases checked, the velocity readings agreed to ±1 ft/sec or better.
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Pitchandyawflowangledataarepresentedinfigures24and25,respectively.Thefanrotationwasexpectedto
induceaswirltotheflowthatwouldproduceanegativepitchcomponent(downflow)alongtheinsideportionofthe
surveyandapositive(upflow)pitchcomponentalongtheoutsideportionofthesurvey(fig.11).Thus,thepitch
angledistributionwouldvaryfromlargeflowanglesnearthetunnelwallsto0° anglesnearthecenterofthesurvey.
The pitch angle data indicate this trend for the inside portion of the survey, with large negative pitch angles near the

inside tunnel wall and the magnitude of the pitch angle gradually approaching zero near the center of the tunnel.

However, the pitch angle does not continue to increase to a large positive value over the outside portion of the

survey. Along this part of the survey, the pitch angle remains constant or decreases slightly.
In the horizontal surveys, the yaw angle was expected to remain virtually constant--with higher angles near the

tunnel centerline, negative angles along traverse 1 (upper survey), and positive angles (outflow) along traverse 2

(lower survey). The data (fig. 25) indicate that such is the case, although at all test conditions, the yaw angles

recorded along the inside portion of the surveys were higher than those along the outside portion for both traverses.

The fact that both the pitch and yaw data in the outside half of the tunnel downstream of the drive motor housing did
not indicate flow angles that follow the swirl induced by the fan is an indication of low flow quality in that area. The

flow angle data from the horizontal surveys indicate reversed flow at some points between the drive motor housing
and the outside wall.

Results from the hot-wire probe measurements along the horizontal surveys at station 2 are given in figures 26

through 30. The mean axial velocity data (fig. 26) agree with the pressure probe and wind anemometer data in both

magnitude and trend (for traverse 1, the hot-wire data agree with pitot-static probe 2, as does the wind anemometer).
The three sets of independent velocity data all show that there was a definite deficit region toward the outside of

the tunnel, most likely caused by the drive motor housing supports blocking the whirl flow. The yaw flow angle

measurements by the hot-wire probes along the horizontal surveys (fig. 28) provide a clear presentation of the yaw

angle for this configuration. These data, which also agree with the wind anemometer flow angle data for both

traverses in all test cases, show positive angles (outflow) along the lower traverse (traverse 2) and negative angles
(inflow) for the upper traverse (traverse 1) between the inside wall and the drive motor housing. Between the drive

motor housing and the outside tunnel wall, the data from both traverses reveal a change in the flow direction that the

fan swirl would be expected to induce; this is indicative of poor flow quality.

Figure 29 shows the axial turbulence intensity for the horizontal surveys. The turbulence levels are the same for
the Vrs = 350 and 250 mph test conditions. For both the upper and lower traverses, the turbulence levels along the

inside portion of the survey are about 20 percent for all test conditions (slightly less for the lower traverse), but then

they increase beyond the drive motor housing to 30 percent near the outside tunnel wall. This is another indication of

the poor flow quality in that area of the tunnel. The crossflow turbulence intensity data (fig. 30) indicate 10 percent
levels near the inside tunnel wall, increasing to about 20 percent near the outside tunnel wall.

Station 3: Upstream of the heat exchanger.--Two vertical surveys were made upstream of the heat exchanger.
In this leg of the tunnel circuit, the tunnel is 29.17-ft wide by 26.17-ft high; however, because of the configuration of

the heat exchanger and turning vanes, the actual survey area was 12.33-ft wide by 26.17-ft high. 3The survey plane

was approximately 2.42-ft upstream of the leading edge of the heat exchanger fairings. The traverse locations were at
5.56 and 12.33 ft from the outside (west) tunnel wall. All surveys were made under standard tunnel operating condi-

tions and with the standard configuration.

The total pressure distributions along the vertical surveys conducted upstream of the heat exchanger (fig. 31)
indicate a gradient at the higher velocity settings, with higher total pressure levels recorded near the tunnel floor. At

Vrs = 350 mph, the gradient is about 0.020 psia; it decreased to about 0.010 psia at 250 mph. More severe gradients

were recorded along traverse 2 (closer to the inside tunnel wall). At the lower velocity settings, the total pressure
distribution was uniform.

Figure 32 shows the vertical static pressure distributions at station 3. As is typical of this data set, there is a good
deal of scatter in the static pressure data at 350 mph. The scatter in the static pressure data was significantly reduced

at the lower velocities. At 250 mph, a vertical gradient occurred (higher pressures near the floor), with a nonuniform

distribution over the gradient. These nonuniformities could be caused by the presence of the heat exchanger (pres-
sure disturbances associated with the shape of the heat exchanger and the fairings at the heat exchanger folds). The

'Thereare two heat exchangers in the tunnel loop between the C and D comers: the large outerheat exchanger, which has three folds, and a
smaller inner heat exchanger, which has six folds. The two heat exchangers are separated by a wall (called the splitter wall). The surveys
described in this report were made upstream and downstream of the outer heat exchanger, that is, between the outsidetunnel wall and the heat
exchanger splitter wall. The width of the survey plane at station 3 is the distance from the outside tunnel wall to the comer C turning vanes at the
actual measurement plane.
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variationinthestaticpressurealong the vertical surveys at 250 mph are about 0.018 psia. At the lower velocity

settings, the gradient trend was not recorded, but there was some variation in the static pressure distribution due to

the heat exchanger pressure disturbances.

Velocity data from both the pitot-static probes and the wind anemometers indicate a gradient along the vertical
surveys upstreana of the heat exchanger (figs. 33 and 34, respectively). Higher velocities were recorded near the

tunnel floor at all test section velocities, with traverse 2 (closer to inside tunnel wall) showing higher velocities than

traverse 1. The velocities measured near the floor were twice as high as those measured near the tunnel ceiling. At all

test conditions, the velocity increased with distance from the floor to a height of about 70 in., then steadily decreased

toward the tunnel ceiling. This is the same trend recorded in earlier studies (ref. 1). The exact cause of the gradient is
not known, but it is thought to be related to poor flow quality along the outside tunnel wall from the drive motor

housing through corner C, as documented in this and earfier studies (ref. 1).

Figure 35 shows the vertical total temperature distribution at station 3. These data show that for both traverses

and at all test conditions, the total temperature variation is on the order of 2 °R or less. The shape of the distributions

and the magnitude of the variations from the two traverses at each test condition closely agree.

Data from pitch and yaw flow angle surveys are shown in figures 36 and 37, respectively. The pitch flow angle
data from the two traverses indicate very different distributions; traverse 1 data (nearer to the outside wall) indicate

large positive pitch angles (upflow), whereas traverse 2 data indicate large negative pitch angles (downflow). The
distributions from the two traverses are a mirror image of one another, but the data do not correlate well with the

hotwire data or with data from earlier tests. The yaw angle data distributions (fig. 37) again indicate mirror image

distributions from traverses 1 and 2. Since both the pitch and yaw distributions are mirror images, it is possible that

one anemometer was incorrectly installed (mounted inverted or wired improperly). At this point, it is not possible to

determine if this was the case. There are some similarities between the current pitch and yaw data and the data
collected in an earlier study (ref. 1), but there is not enough consistency in the trends to indicate where the problem

was or how the data could be logically corrected. The flow angle data collected at station 3 are included here for
completeness, although they are believed to be of little value.

Results from the hot-wire anemometer are presented in figures 38 through 42. The mean axial velocity magni-

tude and distribution for both traverses (fig. 38) very closely match both the pitot-static probe and wind anemometer

data. The hot-wire data show slightly higher velocities along traverse 1 than was measured by the wind anemometer.

The mean velocity in the vertical plane (pitch direction) indicates upflow over most of the survey, except near the
tunnel ceiling where downflow is indicated (fig. 39). These trends in vertical velocity are also exhibited in the pitch

angle data measured by the hot-wire probes (fig. 40). The axial and vertical turbulence levels at station 3 (see figs.

41 and 42) are similar for the Vrs = 350 and 250 mph settings. For these test conditions, axial turbulence varies from
10 to 18 percent, and vertical turbulence varies between 6 and 14 percent. Axial turbulence varies around a mean

value, whereas the vertical turbulence shows a slight gradient trend with higher turbulence recorded near the tunnel

ceiling along both traverses.

Station 4: Downstream of the heat exchanger.--The tunnel and test configurations downstream of the facility
heat exchanger are very similar to those upstream of the heat exchanger. Two vertical surveys were made down-

stream of the heat exchanger. The survey plane was approximately 2.04-ft downstream of the trailing edge of the

heat exchanger fairings. Traverses were made at 5.35 and 12. l I ft from the west (outside) tunnel wall. All surveys

were made under standard tunnel operating conditions; however, it should be noted that the heat exchanger was

working at only a fraction of its capacity. The tests were all conducted at a nominal 500 °R (40 °F) setting; for icing

tests, total temperaturesas low as -20 _F are required. Several Surveys were made to determine the effect on the flow

quality due to the configuration of the heat exchanger's exit guide vanes.

Figure 43 shows the total pressure distributions downstream of the heat exchanger at the two vertical survey

locations. The data indicate that the heat exchanger configuration does have an adverse effect on the total pressure
distribution. The distributions are similar for both traverse locations, with a large deficit region at the center of the

tunnel and two smaller disturbances at 80 and 230 in. (6.7 and 19.2 r, respectively) from the floor. Each of the total

pressure distortions was caused by the fairings at the folds of the heat exchanger--the large deficit region by the

fairing over the centerline fold of the heat exchanger, and the two smaller disturbances by the fairings at the off-
centerline folds.

The disturbances caused by the heat exchanger are more dominant at the higher test section velocity settings. At

the 350 mph setting, the centerline total pressure deficit is approximately 0.014 psia; at 250 mph, it is on the order of

0.007 psia. At the lower test section velocity settings, the presence of the heat exchanger is still apparent, but the

magnitude of the disturbances is much less severe. Figure 44 shows the static pressure data along the two surveys.
There was a lot of scatter in the data at 350 mph, but we cannot be certain that this is due only to the heat exchanger
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effects.At250mphandlowersettings,theamountofdatascatterisless,andthestaticpressureprofilesarefairly
uniform.

Velocitydatameasuredbythepitot-staticprobesareshowninfigure45,andthosemeasuredbythewindane-
mometerareshowninfigure46.Aswiththetotalpressure,thevelocitydistributionsforbothsurveylocationsare
verysimilar.Thesedataveryclearlyshowtheeffectofthefoldedheatexchangeronthetunnelflowquality.Deficit
regionscorrespondingtotheheightofthefairingsattheheatexchangerfoldsareevidentatboththeVrs = 350 and

250 mph settings. The airspeed recorded in the large centerline deficit is about half of the peak airspeed measured

along the survey. The velocity data also clearly show the wake region of the off-centerline fold fairings at

approximately 80 and 230 in. above the tunnel floor.
The total temperature distributions from vertical surveys downstream of the heat exchanger are shown in

figure 47. These data show large variations in the total temperature over most of the survey at the Vrs = 350 mph

setting, but the magnitude of the variations and the affected survey length decrease at lower velocity settings. At the

highest velocity setting, uniform temperature distributions were recorded over only the upper fourth of the surveys.

Over the lower three-fourths of the surveys, temperature variations of 10 to 15 °R were measured for both traverses

(with slightly higher variations along traverse 1, nearer to the outside tunnel wall). At Vrs = 250 mph, the uniform

portion of the temperature distribution increased to the upper third of the survey, and the largest variations were

restricted to the lower quarter of the survey. Over most of the survey, the variations were on the order of 5 °R,

although variations of up to 15 °R were recorded along the lower quarter of the survey. The poor temperature

distributions downstream of the heat exchanger may be partially due to the exceptionally low coolant flow through

the heat exchanger during these flow quality tests, which affects the uniformity of the heat transfer over this area.
Pitch flow angle data at this station are shown in figure 48. At all Vrs settings, the flow followed the folds of the

heat exchanger at both traverse locations. For example, the pitch flow angle from 0 to about 80 in. above the tunnel

floor was positive (upflow), which matches the orientation of the lowest element of the heat exchanger. From 80 to

160 in. above the floor, negative (downward) flow angles were recorded, which again matches the orientation of the

second heat exchanger element, and so on. This indicates that the heat exchanger exit guide vanes tend to "overturn"

the flow, causing it to follow the contours of the heat exchanger rather than flow axially into the tunnel duct.
The yaw (crossflow) angle data exhibit essentially uniform distributions along the veaical survey for all test

conditions (at Vrs = 50 mph, the wind anemometer was apparently not functioning; see fig. 49). The only discontin-
uities in the distributions were due to the wakes of the fairings at the heat exchanger bends at 78, 156, and 234 in.

above the tunnel floor. Traverse 1 (nearer to the outside tunnel wail) revealed a yaw angle of virtually zero over the

survey. Traverse 2 revealed negative yaw angles (flow toward the inside tunnel wall) of the order of 5 ° because the

flow was being influenced by the corner D turning vanes (the flow was starting to make the turn around corner D).
The results of additional studies to determine the effects of the heat exchanger exit guide vanes on the flow quality at

station 4 are contained in appendix D.

Station 5: Upstream of the spraybars.mThree horizontal and three vertical surveys were made at station 5.
Since only two traverse systems were available during the testing, four runs were required to complete the six sur-

veys at station 5. At this station the tunnel measures 29.17-ft wide by 26.17-ft high. The survey plane was located

3.29-ft upstream of the leading edge of the spraybar vertical support struts. The vertical surveys were made at 7.35,
16.42, and 21.92 ft from the north (inside) tunnel wall; the horizontal surveys were made at 6.55, 13.06, and 19.56 ft
above the tunnel floor.

Total pressure ratio distributions along the vertical surveys at station 5 are shown in figure 50. The effect of the

heat exchanger configuration on the flow quality is still evident in the data along all three vertical surveys made at
this station: the centerline deficit area still appears large, but the smaller disturbances caused by the upper and lower

folds of the heat exchanger have dissipated. The data also indicate that there were higher pressure levels along the

lower portion of the survey than along the upper part. The static pressure data (fig. 51) show a high degree of scatter

at the Vrs = 350 mph setting for the inside wall and centerline surveys (less data scatter was recorded for the outside
wall survey); the variation in the data decreased with decreasing velocity.

The velocity distributions from the pitot-static probes and the wind anemometers are presented in figures 52 and

53, respectively. As with the total pressure, the velocity distributions were very much affected by the heat exchanger
configuration. The centerline deficit region caused by the middle fold of the heat exchanger is still very apparent in

the velocity distributions along all three vertical surveys at station 5. The disturbances caused by the upper and lower

heat exchanger folds were not as severe as at station 4, but both are evident along the survey closest to the inside
tunnel wall. However, only the lower fold disturbance appears along the survey nearest the outside tunnel wall.

These disturbances are not as strong along the centerline vertical survey.
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Thetotaltemperaturedistributions(fig. 54) reveal a temperature gradient in the vertical plane, with the higher
temperatures near the tunnel ceiling. The gradient is more severe near the outside tunnel wall. There is also another

temperature distortion at the tunnel centerline at the Vrs = 350 mph setting, which is most likely an artifact of the

heat exchanger configuration. At Vrs = 350 mph, the vertical temperature gradient is 6 °R along the inside wall

survey, 8 °R along the centerline survey (the peak variation along the centerline survey is 11 °R), and 16 °R along

the outside wall survey. The magnitude of the gradient and the temperature distortions decreased with the velocity.

Figure 55 shows the pitch flow angle data taken from vertical surveys upstream of the spraybars. Although the

data indicate upflow along the entire survey (positive angles), it is likely that there was a bias in the data caused by
an offset angle in the traversing plate. In any event, the trend exhibited by the data is correct. The data show that the

pitch angle was fairly constant along the surveys, with slightly larger flow angles being recorded along the lower half

of the survey (this trend is more noticeable at the higher velocity conditions). The discontinuities recorded at 80 and

240 in. above the tunnel floor in the survey nearest the inside tunnel wall were caused by the heat exchanger fold
fairing extensions (junction of the heat exchanger, the turning vanes, and the splitter wall). Similar trends can be seen

in the yaw angle data (fig. 56). Constant yaw flow angles were recorded along the centerline and outside wall sur-

veys; the magnitude of the yaw flow angle along these surveys was close to zero (_+2°). The data from the inside wall

survey show the discontinuities caused by the heat exchanger fairings.

Figure 57 shows the total pressure ratio distributions along the horizontal surveys upstream of the spraybars. For

all conditions and locations, the total pressure distributions are uniform and do not show any gradients or other non-
uniformities across the tunnel. The static pressure profiles across the tunnel are shown in figure 58. As at other test

locations, there is a high degree of scatter in the static pressure data at the higher velocity conditions, particularly
along the upper survey; the reason for the scatter is not known. Because of the scatter in the static pressure data, no

firm conclusions could be drawn about the flow quality in terms of static pressure for these data.

The velocity surveys (fig. 59) are the best indicators of the flow quality across the tunnel at this station even

though there was some problem with the velocity data along the Upper traverse. At Vrs = 350 mph, the velocity

measured along the upper survey was lower than would be expected when compared with the vertical survey data.

Also, at all VTs settings, one of the two pitot-static probes along the upper survey was not operating properly and
indicated a lower velocity that the other probe did. Otherwise, the velocity data from the horizontal surveys agree

well with those from the vertical surveys. The upper and lower surveys indicate higher velocities than the centerline
survey does (except at Vrs = 350 mph, because of the upper survey probe problem), which confirms the distributions.

from the vertical surveys. The low-velocity regi0nnear the inside tunnel wall (between 0 and 60 in. from the inside

wall) is the area downstream of the secondary or inner heat exchanger. This portion of the distribution represents the

flow exiting the area between the inside tunnel wall and the splitter wall between the primary and secondary heat
exchangers.

Along the upper and lower surveys, the velocity decreased over the outside third of the survey (from --220 to
320 in. from the inside wall), whereas along the centerline survey it increased slightly over this same area. This

probably indicates a gradual smoothing of the flow discontinuities caused by the heat exchanger as the distance from

the heat exchanger increased. Along the centerline survey, the velocity spik e at 60 in. from the inside wall was

caused by the splitter wall; the discontinuity between 250 and 270 in. was probably caused by a heat exchanger
vertical support strutl The velocity distributions from the wind anemometers (fig. 60) are the same as the distribu-

tions from the pressure probes.

Total temperature distributions across the tunnel at station 5 are shown in figure 61. At the Vrs = 350 mph

setting, there is a total temperature gradient of 10 to 15 °R across the tunnel along the lower and centerline surveys,
with the higher temperatures recorded ne-ar the inside tunnel wall (the upper survey thermocouple was inoperative at

the test condition). At Vrs = 250 mph, the gradient along the centerline survey is about 5 °R, but there is no gradient
apparent along the upper survey; the scatter in the lower survey data makes it difficult to draw a conclusion from

these data, although the gradient trend in these data appears similar to that of the centerline survey data. At the lower

velocity settings, the variation in the total temperature distributiOnS was on the Order of 3 °R or less. _

The pitch fl0w angle data (fig. 62) reveal a constant pitch angle of about 2 ° (upflow) all across the tunnel except

immediately downstream of the splitter wall, where a disturbance was recorded along each survey for most test set-

tings (discontinuity occurred at 60 in. from the inside tunnel wall). Other than the effect of the splitter wall, these
data indicate no significant flow quality pioblems_ Figure 63 shows th_yaw (crossflow)angle _sifibufidns across the

tunnel. As with the pitch angle, the only major disturbance is that caused by the spfitter wall, with the upper survey "=_

data being most affected. Away from the area affected by the splitter wall, the data along each survey are fairly
uniform, with the lower and upper survey indicating a slight positive flow (toward the outside tunnel wall) and the

centerline survey indicating a more pronounced negative flow of up to 5° (toward the inside tunnel wall).
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Hot-wireanemometryresultsarepresentedinfigures64through68.Themeanaxialvelocitydata(fig. 64)

match very closely the results from the pitot-static and wind anemometer instrumentation. These data also show the

low-speed region between the inside tunnel wall and the splitter wall, as well as the gradient trend from the tunnel
centerline to the outside tunnel wall along the upper and lower surveys. The hot-wire data from the centerline survey

again match the pitot-static and wind anemometer data in magnitude and general distribution. The yaw flow angles

measured by the hot-wire probes along the centerline and upper surveys are shown in figure 66. These data clearly

show the effect of the splitter wall on the flow field. The magnitude and distribution of the centerline hot-wire data

closely match the wind anemometer data from the same survey; the distribution of the hot-wire upper survey data is
similar to that of the wind anemometer data, except that the hot-wire data indicate a negative flow angle on the order

of 5 ° (flow toward the inside tunnel wall). The negative yaw flow angle at this station could be an indication of over-

turning by the D comer turning vanes. Along the centerline survey, turbulence levels on the order of 10 percent (see

fig. 67) are indicated. The data vary between 6 and 15 percent for both Vrs = 350 and 250 mph. The upper survey

data indicate lower axial turbulence, ranging from 3 to 12 percent in the center of the tunnel at Vrs = 250 to 350 mph

(higher turbulence levels were also recorded near the tunnel walls). Horizontal turbulence levels are presented in

figure 68. The horizontal turbulence varied between 5 and 10 percent along the centerline survey and between 3 and

10 percent along the upper survey at these same velocities.
Station 6: Downstream of the spraybars.mTwo horizontal surveys were made at the inlet of the bellmouth-

contraction section. The survey plane was 4.56 ft downstream of the leading edge of the spraybar system support

strut. Although the traversing plates were physically mounted in the bellmouth, the survey plane was taken to be the

exit of the settling chamber (the tunnel at this station was 29.17 ft wide by 26.17 ft high). The traverse locations were
8.72 and 17.22 ft from the tunnel floor (roughly one-third and two-thirds of the tunnel height). All surveys were

made under standard tunnel operating conditions.

Figure 69 shows the total pressure ratio distributions across the tunnel at the bellmouth inlet. Here the total

pressure is fairly uniform across the tunnel, although there is a slight gradient along the upper survey at the higher

velocity settings (higher pressures were recorded near the inside tunnel wall). The static pressure distributions are

presented in figure 70. The differential pressure transducers for pitot-static probe l on traverse 1 (upper survey) were

not operating properly, so the static pressures calculated with the data from that probe are incorrect; the data from
pitot-static probe 2 along this survey were not affected. The static pressure instrumentation problem is more readily

apparent in the velocity data (fig. 71); the data from probe 1 on traverse 1 are not considered in further discussion of
these data.

The velocity data at station 6 still show the effects of the splitter wall and inner cooler area near the inside tunnel
wall at all test conditions. The gradient along the outer third of the surveys, as seen at station 5, is also still apparent.

The velocity distributions and magnitude from the two surveys were the same for all test conditions (comparing

probe 2 from traverse 1 to all traverse 2 data), indicating a symmetric distribution around the tunnel's horizontal

centerline. The velocity data from the wind anemometer (fig. 72) also show the similarity between the two survey

planes, the effect of the splitter wall, and the gradient near the outside tunnel wall. The wind anemometer data also
exhibit a slight deficit region near the center of both surveys (more apparent at the higher velocity settings). This is

probably due to the wake of the center vertical support for the spraybar system.

The total temperature data (fig. 73) reveal a significant gradient across the tunnel at the Vrs = 350 mph setting;

this gradient is on the order of 10 °R along both the upper and lower surveys, with the higher temperatures near the
inside tunnel wall. This gradient may be a result of less heat being transferred by the secondary heat exchanger since

it is most severe in the area of the splitter wall. The gradient decreases with decreasing test section velocity. At Vrs =

250 mph, there is less than 5 °R variation along the upper survey and a gradient of about 7 °R along the lower

survey. At the lower velocity settings, the variation is on the order of 3 °R or less.

Pitch and yaw flow angle distributions are shown in figures 74 and 75, respectively. Because the survey plane
was at the inlet of the bellmouth section, the flow was already being influenced by the presence of the bellmouth

contours. In the pitch plane, the data along the upper survey (traverse 1) indicate a downward (negative) flow angle,

whereas data along the lower survey (traverse 2) show an upward (positive) flow angle trend. These are the expected
trends, since the flow from the upper portion of the tunnel would be turned downward (negative flow angle) and flow

from the lower portion of the tunnel would be turned upward (positive flow angle) into the bellmouth. The lower

survey data also show the effect of the splitter wall, although there is no noticeable effect seen along the upper

traverse. The magnitude of the pitch angle is about the same for both surveys over the test range, and it generally
varies between 5 to 10° (at Vrs = 350 mph, the average pitch angles are -7.1 ° along both the upper and lower

traverses).
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Theyawflowangle(fig.75)alsoclearlyshowstheeffectofthebellmouthcontoursontheincomingairflow.
Foralltestconditions,theyawanglevariesfrom15° neartheinsidewallto-15°neartheoutsidewall.Thepositive
flowanglesmeasuredalongtheinsideportionofthesurveysindicateflowfromtheinsidetowardtheoutsidewallof
thetunnel,whichmatchesthecontourofthebellmouth;alongtheoutsideportionofthesurveys,negativeyawangles
wererecorded,indicatingflowfromtheoutsidewalltowardtheinsidewall,whichagainmatchesthebellmouth
contour.The0° yawanglesmeasurednearthetunnelcenterline(175in.fromtheinsidetunnelwall)indicatea
synmaetricflowpatternaroundthetunnelcenterline.Inbothsurveys,theeffectsofthesplitterwall(disturbances
between40and100in.fromtheinsidewall)canbeseen.

Hot-wiredataarepresentedinfigures76through80.Themeanaxialvelocitydatafromthehot-wireinstrumen-
tation(fig.76)verycloselymatchthedatasetsfromthepitot-staticprobesandthewindanemometersin termsof
magnitudeanddistribution.Themeanhorizontal(crossflow)velocity(fig.77)andtheyawflowangle(fig.78)show
theinfluenceofthebellmouthcontoursontheincomingairflowastheairis turnedtowardthecenterofthetunnel.
Theyawflowangledatamatchthewindanemometerdatain termsofmagnitudeandtrendforalltestpoints.Axial
turbulenceintensitylevels(fig.79)alongtraverseI (uppersurvey)varybetween2and10percent,whereasalong
traverse2(lowersurvey),thevariationisbetween4and12percent.Neglectingthedatanearthetunnelwalls,the
averageaxialturbulencevaluefromtheuppertraverseisabout4to5percent;alongthelowertraverse,theaverage
isbetween6and7percent.Similarvalueswererecordedforhorizontalturbulencelevels(fig.80).

FlowVisualization

Station 1: Downstream of the fan.mA portable smoke wand system was used to briefly study the characteris-
tics of the flow immediately downstream of the IRT fan. Observations were made with the fan rotating at 50, 100,

and 187 rpm (187 rpm corresponds to a test section speed of 150 mph). Flow visualization studies were carried out

only at low test sections speeds (150 mph and below) because safety regulations do not allow personnel to be present
in the IRT tunnel-loop sections (i.e., settling chamber section, heat exchanger section, and fan section) at high test

section speeds. In general, the same results were observed at all three fan speeds. In the area between the down-

stream half of the fan motor housing and the outer wall, reversed and separated flow" was observed along the outer

wall and along the fan motor housing. This reversed flow subsided at elevations closer to the floor. Further down-

stream along the outer wall and near the outer wall vent tower doors, more reversed flow was noted.
Between the fan motor housing and the inner wall, the flow was relatively smooth and appeared to be attached

along the fan motor housing and along the inner wall. Generally, flow swirl induced by the fan rotation could be seen

at all locations. Such flow phenomena in and around the fan motor housing have been noted in previous flow visuali-

zation studies (ref. 1) and generally result from the blockage introduced by the solid fan motor housing supports. As
the flow exits the fan, it tends to swirl clockwise (from a downstream viewpoint, the fan spins in a clockwise direc-

tion; see fig. 11). With the solid support legs hindering the swirl, flow is drawn from the outer wall side and

accunmlates on the inner wall side. The drawn flow is more susceptible to separation and reversal, whereas the

accumulated flow is more likely to remain attached and be more directionally uniform.

Station 5: Upstream of the spraybars.mThe smoke wand system was also used to inject flow visualization
smoke into the settling chamber. The smoke was injected immediately downstream of the spraybar plane, at three

spanwise locations and at five vertical locations. The spanwise locations were about 2 ft from the inner wall, 2 fl

from the centerline, and 2 ft from the outer wall. The five vertical locations corresponded to the vertical locations
of the five spraybar_ dosesf_rdae Settling chamber floor (verffcai heights of 6, 8, 10, 12, and 14 ft, respectively).

Smoke trails were observed from three locations: the settling chamber at the point of smoke injection, which gives an

eye-level view from the settling chamber; the windows of the main IRT control room, which give a view of the inner

test section wall; and the windows of the auxiliary IRT control room, which give a view of the outer test section wall.

The smoke trails were videotaped from the settling chamber. Observers in the control rooms located the smoke
trails in the test section by using 1-ft graduation marks on the test section walls. Table 3 summarizes the observations

made during the flow visualization tests. These observations should be used only for qualitative purposes and should

not be used in any quantitative manner. As a rule, the smoke streams diffused rather quickly after leaving the tip of
the smoke wand because of the turbulence of the flow in the settling chamber. In addition, the smoke streams

appeared to be unsteady as they moved through the test section. When the smoke was injected at the 14-ft vertical

location (centerline spanwise location), the resulting smoke trail appeared to pass through the test section centerline.

When the smoke was injected near the inner wall, the smoke trails tended to be on the test section centerline. Smoke
injected on the centerline and at the lower vertical heights tended to move toward the outer test section wall.
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Follow-OnTests

Asaresultoftheinitialseriesoftunnel-loopflowqualitysurveysdescribedinthisreport,severalfollow-on
testswereidentified.Thesetestsincludedtheheatexchangerexitguidevanestudiesmentionedpreviouslyand
describedinappendixD.Twoothertestswerealsoconducted:detailedtempuraturesurveysattheheatexchanger
inlet(app.E)andflowqualitysurveysdirectlydownstreamofthefan(app.F).Eachofthesetestsaddressedspecific
questionsconcerningthetunnelflowquality,andtheresultsofthetestswereusedinthedesignoffacility
improvements.

SUMMARYOFRESULTS

Thepurposeofthesestudieswastocharacterizetheflowqualitythroughoutthetunnelloopof NASA Glenn

Research Center's Icing Research Tunnel. The data reported herein will be used to determine areas in the facility
where modifications can be made to improve flow quality and efficiency. These data could also be used to provide

boundary or starting conditions for computer simulations of the flow field in the actual facility. Results of these
studies follow.

Station 1--Downstream of the Fan

Smoke flow visualization around the drive motor housing (station 1) indicated the presence of a reversed flow

area along the outside wall of the tunnel adjacent to the housing.

Station 2--Downstream of the Drive Motor Housing

1. A velocity gradient was found along the vertical surveys downstream of the drive motor housing (station 2),

with the higher velocities being near the tunnel floor. The gradient was more severe along the survey made near the
inside tunnel wall. Horizontal surveys indicated that there were much higher velocities along the inside portion of the

tunnel. Overall, the highest velocities recorded at station 2 were in the lower inside quadrant, and the lowest veloc-

ities were in the upper outside quadrant.

2. There were no significant temperature variations recorded at station 2 over the test range.
3. Flow angle measurements at station 2 were consistent with the expected swirl due to rotation of the fan.

4. Axial turbulence intensity at station 2 varied between .!0 and 30 percent, with the higher values being

recorded near the ceiling and the outside tunnel wall.

Station 3--Upstream of the Heat Exchanger

1. A velocity (total pressure) gradient was measured along the vertical surveys at the heat exchanger inlet, with

larger velocities near the tunnel floor (at Vrs = 350 mph, the velocity near the floor was approximately twice that at

the tunnel ceiling).

2. No significant temperature variations were recorded at the heat exchanger inlet.
3. Pitch flow angle data indicated upflow over most of the survey.

4. Axial turbulence intensity levels at the heat exchanger inlet varied between 10 and 18 percent.

Station 4---At the Heat Exchanger Exit

1. The folded configuration of the heat exchanger and the aerodynamic fairings at the corners of the folds caused

large disturbances in the flow field downstream of the heat exchanger. The heat exchanger adversely affected the
total pressure and velocity distributions at this station by causing a large deficit region near the tunnel centerline and

two smaller disturbances at about one-quarter and three-quarters of the tunnel height (these three flow disturbances

were caused by the fairings at the corners of the heat exchanger folds).
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2.Therewasasignificanttotal temperature gradient along the vertical surveys downstream of the heat

exchanger at Vrs = 350 mph (10 to 15 °R). The gradient decreased with decreasing velocity.

3. The flow direction (pitch flow angle) was directly affected by the folded configuration of the heat exchanger.
The exit guide vanes on the downstream surfaces of the heat exchanger sections overturned the flow such that the
flow followed the angle of the heat exchanger sections.

Station 5--Upstream of the Spraybars

1. The effect of the heat exchanger on the flow field (total pressure and velocity profiles) was still apparent in

the vertical surveys between the D comer turning vanes and the spraybars. The large centerline deficit region was

still very apparent, although the two smaller disturbances had dissipated to some extent. Horizontal surveys showed a
low-speed region near the inside wall caused by the inner cooler and a disturbance caused by the splitter wall; there

was also a velocity gradient region along the outside portion of the horizontal surveys.

2. The temperature variations recorded downstream of the heat exchanger continued to be apparent at station 5.

3. Axial turbulence intensity levels at station 5 varied between 3 and 12 percent.

Station 6--Downstream of the Spraybars

1. Velocity trends were similar to those seen along the horizontal surveys at station 5 (effect of the splitter wall
near the inside wall and the gradient over the outside portion of the survey).

2. There was a I0 °R gradient across the tunnel at Vrs = 350 mph (higher temperatures were recorded near the
outside tunnel wall). The magnitude of the gradient decreased with decreasing velocity.

3. The flow direction at this station was heavily influenced by the beilmouth contours, as demonstrated in both
the pitch and yaw flow angle distributions. :

4. Axial turbulence intensity at station 6 was between 2 and 12 percent.

CONCLUDING REMARKS _

Flow quality in several key areas of the Icing Research Tunnel has been more fully documented in terms of local

airspeeds, flow angles, turbulence intensities, and air temperatures. Additional insight hasbeen provided to explain

causes of poor flow quality in Certain areas of the tunnel. Data are now available to serve as a basis for the design of
flow quality improvements and a new facility heat exchanger.

NASA/TM--2000-107479
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APPENDIXA

SYMBOLS

a

M

N

P

Pitch

Po

P_,rs

P_

P_,Ts

R

T

To

T,

TL

u

V

V_s

Yaw

Z

7

AP

speed of sound, ft/sec

Mach number

number of data points

pressure, psia

vertical flow angle, positive toward ceiling, deg

total pressure, psia

test section total pressure, psia

static pressure, psia

test section static pressure, psia

gas constant, 1716 lb-ft/(slug.°R)

temperature, °F or °R

total temperature, °R

static temperature, °R

turbulence intensity in mean flow direction

velocity component in mean flow direction

average velocity in mean flow direction

velocity, ft/sec or mph

test section velocity, mph

horizontal flow angle, positive toward outer wall, deg

vertical distance from reference surface, in.

ratio of specific heats (constant = 1.4)

differential pressure (Po - P_), psid

Subscripts

A

avg

B

C

D

crawl

outside

PSI

PS2

comer A in the IRT

average

comer B in the IRT

comer C in the IRT

comer D in the IRT

crawl space below the tunnel floor

outside weather conditions

traverse pitot-static probe 1

cable traverse pitot-static probe 2
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T total or stagnation conditions

traverse measurements made by probes on the cable traverse

TS test section

_4 cable traverse wind anemometer
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APPENDIXB

DATAREADINGLISTFOR1995ICINGRESEARCHTUNNELLOOPFLOWQUALITYSTUDIES

Table4liststhereadingnumberscollectedduringtheflowqualitysurveysforeachconfigurationtested.
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APPENDIXC

TABULARLISTINGOFFLOW-FIELDSURVEYDATA

Tables5through36listthedatacollectedduringsurveysinthetunnelloopattestsectionvelocitiesof250and
350mph.Eachtablecontainsdatafromonetraverseforonesurveystationandtestconfiguration.Thetestsection
conditionscorrespondingtothefirstreadingofeachsurveyarealsolistedoneachtable.In addition,eachtablelists
thepositionoftheflow-sensingprobefromthetunnelreferencesurfaceandthemeasuredflow-fieldparameters.
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APPENDIXD

HEATEXCHANGEREXITGUIDEVANESTUDIES

Additionalmeasurementsweremadetoquantifytheeffectsoftheheatexchangerexitguidevanesontheflow
qualitydownstreamoftheheatexchanger(station4).Thevaneanglesoftheexistingexitguidevanescannoteasily
beadjustedwithrespecttotheheatexchangersurface.Inordertostudytheeffectsofthevaneangleontheflow
quality,replacementpanelsofadjustableexitguidevaneswerebuiltandinstalledontheheatexchanger.Because
oflimitedresources,onlyfourpanelswereconstructed.Thesepanelsweremountedonthedownstreamfaceofthe
secondheatexchangerelementsuchthattheportionofthatelementwiththereplacementpanelswasin linewith
traverse2(insideposition).Inadditiontothebaselineconfiguration(describedinthetext),threeotherexitguide
vaneconfigurationswerestudied:

Configurationl--No exitguidevanes(baselinepanelsremoved;nomechanismtoturntheflow).
Configuration2--Replacementpanelsinstalledwithexitguidevanesstowed(maximumturningoftheflow;

flowexpectedtofollowcontouroftheheatexchanger);guidevaneexitangleof0° (paralleltoheatexchanger
surface).

Configuration3--Replacementpanelsinstalledwithexitguidevanesdeployed(minimumturningoftheflow;
flowexpectedtobemoreevenlydistributeddownstreamoftheheatexchanger);guidevaneexitangleof 11°with
respecttoheatexchangersurface.

Becauseonlyasmallnumberoftheheatexchangerexitguidevaneswerechanged,theeffectsontheflow
qualitywereexpectedtobelocalizedtojustdownstreamofthenewpanels;therefore,thelengthofthesurveyswas
reducedsoastocoveronlytheaffectedareas.Totalandstaticpressure,velocityfrombothpitot-staticprobesand
windanemometers,totaltemperature,andpitchandyawflowangledataareincludedforeachconfiguration(figs.81
through87forconfiguration1;figs.88through94forconfiguration2;andfigs.95through101forconfiguration3).
Asummarycomparingthedatafromeachconfigurationtobaselinedataisgiveninthisappendix.

Configuration1--NoExitGuideVanes

Removaloftheexitguidevanepanelsproducedalargerthanbaselinetotalpressuredeficit(bothinthemagni-
tudeofthedeficitandinthesizeoftheaffectedarea;seefig.81)nearthecenterofthesurveydirectlydownstream
oftheareawherethevaneswereremoved(traverseposition2).Therewaslittledifferencebetweenthebaselineand
configuration1dataattraverseposition1.Theeffectwasmorenoticeableatthehighervelocityconditions.At the
Vrs = 350 mph setting, the total pressure deficit at the tunnel center was about 0.025-psia lower than the peak at
240 in. above the tunnel floor (in comparison to a deficit of about 0.014-psia for the baseline configuration). Static

pressure data (fig. 82) show a good deal of scatter for configuration 1, but the distributions indicate increased varia-
tion in the static pressure profiles in comparison to the baseline. Velocity data from both the pitot-static probes

(fig. 83) and wind anemometers (fig. 84) show a very poor velocity distribution directly downstream of the area
where the exit guide vanes were removed (traverse 2). There was a very large velocity deficit in this region (between
70 and 160 in. above the tunnel floor). The data from traverse I indicate that the flow from this deficit region was

displaced toward the outside wall of the tunnel. Comparison of the baseline and configuration 1 data along traverse 1
shows that the configuration 1 data are much more uniform (the deficit recorded at the baseline was filled in by the

displaced flow during the configuration 1 surveys). This trend was recorded at all test conditions by both the pitot-
static and wind anemometer instrumentation. These data illustrate not only that the exit guide vanes are required for

good flow quality (witness the poor flow quality along traverse 2), but also that the baseline configuration does not

provide the optimum velocity distribution (note the improved distribution along traverse 1 for configuration 1, in

comparison to the baseline data).
Removing the exit guide vanes actually had a positive effect on the temperature distribution along traverse 2

while degrading the profile along traverse 1 at the Vrs = 350 mph setting (fig. 85). There is little difference between
the baseline and configuration 1 data sets at the other test conditions. Figure 86 shows that much higher pitch flow

angles were recorded directly downstream of the area where the exit guide vanes were removed. At traverse position

2, the data indicate large positive angles (upflow), as expected, since there was no mechanism in place to turn the
flow in this area. The traverse 1 data indicate little difference in the flow along the portion of the survey below the

tunnel centerline; above the tunnel centerline, the pitch angles were smaller than at baseline. With configuration 1,

there was a yaw angle gradient over the area directly downstream of where the exit guide vanes were removed
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(fig.87).Theyaw flow angle changed direction, from positive (outflow) at about 80 in. above the tunnel floor to

negative (inflow) at about the tunnel centerline. Above the tunnel centerline, the data from traverse 2 are similar to

the baseline data. Traverse 1 data are similar to the baseline data except at locations near the tunnel centerline, where

the positive yaw angles recorded at the baseline are no longer evident.

Configuration 2--New Exit Guide Vanes With Vanes Stowed

The replacement exit gtdde vanes with vanes in the stowed position produced nearly identical flow-field distri-

butions as those from the baseline heat exchanger surveys for each flow-field parameter (total and static pressure,

velocity, total temperature, and pitch and yaw flow angles; see figs. 88 through 94). There was an increased amount

of scatter in the total pressure data at Vrs = 250 mph and lower settings for configuration 2. The pitot-static velocity
results were also affected (the cause of the data scatter is not "known).

Configuration 3: New Exit Guide Vanes With Vanes Deployed

Flow-field data collected downstream of the heat exchanger with th_repI_icement exit guide Vanes installed and

in the deployed (fully exiended or open position)are presented in figures 95 through i01. Aithough=the total pressure

data (fig. 95) indicate an improvement in the flow quality downstream Of the heat exchanger with the new exit guide

vanes deployed, the effect 0nthe flow field is more readily apparent in-the velocity data (figs. 97 and 98). Even

thoughthere Was still a deficit area at the tunnel centerline along the ti-averse 2 survey, the size of tlae deficit area was
greatly reduced by deployment of the new exit guide vanes. At Vrs = 350 mph, the baseline data indicated a mini-

mum Velocity of 23 ftlsec at the tunnel centerline along traverse 2, the height of the affected area being approxi,
mately 60 in. (fig. 45); with the new exit guide vanes, the minimum velocity increased to about 31 ft/sec and the

height of the deficit area decreased to 20 in. (similar results were seen at the lower velocity conditions). The pitot-

static probes also recorded a slight positive effect on the velocity distributions along the traverse 1 surveys (fig. 97),
but the wind anemometer data did not vary significantly from the baseline data (figs. 98 and 46, respectively). The

effect on the total temperature distribution appeared to be negligible for all except the Vrs = 350 mph case, where

there was a slight improvement in the temperature distribution along traverse 2 (there was no apparent effect or_

traverse 1 data). The pitch flow angle data along traverse 2 (fig. 100) show that in the region directly downstream of

the new exit guide vane panels, the pitch-a-fi_gle became more constant and the flow direction changed from generally
downflow to upflow, in comparison to the baseline data (fig. 48 shows the pitch flow angle distribution starting as

positive at 200 in. above the tunnel floor and decreasing to a negative value through about 80 in. above the floor; the

configuration 3 data shows that over this same survey distance, the pitch angle remained roughly constant). The new
exit guide vanes had no effect on the yaw flow angle distribution (fig. 101).

!g " 7S _ -

_

i
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APPENDIXE

ICINGRESEARCHTUNNELHEATEXCHANGERINLETTEMPERATURESURVEYS--
JANUARY19,1996

Introduction

OnJanuary19,1996,a l-daytestprogramwasexecutedintheNASAGlennIcingResearchTunnel(IRT).A
verticalcabletraverseimmediatelyupstreamofthefacilityheatexchangerwasusedtomonitorthefacilitytempera-
turesandthecrawlspacetemperaturesbelowcomersCandD,Thesedatawereusedtobetterunderstandtheheat
loadingontheheatexchangerandtheoverallthermodynamicsofthefacility.

TestSetup

A singleverticalcabletraversewasinstalledforthistest.Thistraversewasstrungbetweenthetunnelceiling
andfloor,about24in.upstreamoftheheatexchangerinletfairingsand148.5in.fromtheoutsidewall.(Theheat
exchangerlegis350-in.wideby314-in.high.)Installedonthecabletraversecarriagewereawindanemometerfor
measuringairspeed,pitchangle,andyawangle,andtwotype-T,aspiratedtotal-temperatureprobesformeasuring
totaltemperature.InthecrawlspacebelowcomersCandD (thespacebetweenthefloorandtheground),type-T
thermocoupleprobeswereinstalled.

TestMatrix

Table37givesthetestmatrixforthisl-dayprogram.

Results

Figures102,103,and104graphicallyshowthe important results. Figure 102 shows data versus time for the

duration of the test. Figure 102(a) shows the test section velocity and cable traverse vertical position. Figure 102(b)

shows the air velocity, pitch flow angle, and yaw flow angle as measured by the wind anemometer on the cable

traverse. Figure 102(c) shows all pertinent temperatures: the outside air temperature, the temperature measured by
the thermocouple probes on the cable traverse, the temperatures in the crawl spaces beneath comers C and D, and the

average air temperatures in comers A, B, C, and D.

If the data in figure 102(c) are closely examined for a test section airspeed of 250 mph, the following data trends
can be observed: (1) crawl space C is wanner than crawl space D, and (2) comer C is warmest followed by the trav-

erse, comer D, comer B, and comer A, respectively. The temperatures in comers D, B, and A are within about 3 °F.

These results make intuitive sense because crawl space C should be warmer than crawl space D since C is upstream

of the heat exchanger and D is downstream. There is also a significant temperature drop (close to 5 °F) between
comers C and D due to the cooling of the heat exchanger. The temperatures measured at the traverse are between
those measured in comers C and D.

If the data in figure 102(c) are examined for a test section airspeed of 350 mph, the following data trends can

be observed: (1) crawl space D is warmer than crawl space C (this is counterintuitive), and comer C is the warmest
followed by the traverse, comer B, comer A, and comer D, respectively. Comer D is, of course, the coldest since it

is directly downstream of the heat exchanger. The temperatures in comers A and B are close to each other. The

traverse temperature approaches the temperature in comer C.
Figures 103 and 104 show the air velocity, flow angle, and air temperature versus distance from the floor as

measured by the wind anemometer and thermocouple probes on the cable traverse. Figure 103 is for a test section

velocity of 250 mph and a tunnel total temperature of 15 °F. Figure 104 is for a test section velocity of 350 mph

and a tunnel total temperature of-17 °F. The air velocity profiles and magnitudes are consistent with previous
measurements. Higher air velocities are present near the floor. The flow angles are also consistent with data taken

previously. Pitch angles are generally toward the ceiling by 5° to 10 ° and yaw angles are generally toward the outer
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wallby0° to 5°. The temperature profiles exhibit a temperature gradient with warmer temperatures near the floor.

This is counterintuitive because cooler, more dense, air would have a tendency to collect near the floor. In

figure 103(c), the gradient range is about 2 °F. In figure 104(c), the gradient range is about 4 °F.

Measurement Uncertainties

During this test, some electronic noise present in the frequency-to-direct-current convener used to measure the

wind anemometer airspeed introduced some uncertainty in the measured airspeed. The uncertainty in these measure-
ments was estimated to be _+2ft/sec.

In addition, temperature bath calibrations were carried out on the thermocouple probes used on the traverse and

in the crawl spaces. Temperature measurements made with these probes were estimated to have an uncertainty of
+0.5 °F.

. H
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APPENDIXF

ICINGRESEARCHTUNNELFANEXITFLOWQUALITYSURVEYS--AUGUST23,1996

Introduction

OnAugust23,1996,a l-daytestprogramwasexecutedintheNASAGlennIcingResearchTunnel(-IRT).Flow
qualitydata(totalpressures,staticpressures,totaltemperatures,airspeeds,pitchangles,andyawangles)were
collectedimmediatelydownstreamoftheIRTfan.Thesedatawereneededtoaidinthedesignoffanoutletguide
vanes.

TestSetup

A singleverticalcabletraversewasinstalledforthistestabout50-in.downstreamofthefanbladeleading
edges.Thistraversewasstrungbetweenthetunnelceilingandfanmotornacelleatthe12o'clockposition(with
respecttothefan)asdepictedinfigure105.Theverticaldistancebetweenthenacellehousingandtunnelceiling
wherethetraversewasinstalledwas94.25in.Structuralchannelswereusedtoreinforcethecabletraversesystem
andtoguidethetraversecarriageverticallyundertheairloads.Asshowninfigure105,thetraversewasrotated
"intothewind"or"intheyawplane"by30°tocompensateforthefanswirl.Thetraversecarriagewasinstrumented
withtwopitot-staticprobes,atype"K" thermocoupletotaltemperatureprobe,andawindanemometerthatcould
resolveairspeed,pitchangle,andyawangle.Onthetraversecarriage,thetwopitot-staticprobeswerevertically
spaced11.0in.apart.Thewindanemometerwaslocated5.5in.abovethepitot-staticprobeclosesttothefanmotor
nacelle.Theverticalpositionofthetemperatureprobeexactlycoincidedwiththepitot-staticprobeclosesttothefan
motornacelle.

Thetotalpressuresfromthepitot-staticprobesweremeasuredby25-psiaabsolutepressuretransducers.The
pressuredifferencesbetweenthetotalandstaticpressureportsonthepitot-staticprobesweremeasuredby
differentialpressuretransducersthathad1.0in.ofwaterrange.

Inthetestsection,aflatplateblockagemodelwasusedtovarythetestsectionblockage.Duringthistest,the
blockagemodelwasinstalledata55°angleofattackorwasnotusedatall.A 90° angleofattackwouldhave
correspondedtomaximummodelblockage.

TestMatrix

Table38givesthetestmatrixforthisl-daytestprogram.

Results

Figure106showsmeasuredandcomputedvariablesversustime.Figure106(a)showsthetraversepositionand
thetestsectionvelocityforalldataacquired.Thisplotisusefulindeterminingwhatthetestsectionvelocityand
traversepositionwereatanygiveninstantintimeduringthetest.Figure106(b)showscomputedvelocitiesfromthe
windanemometerandthetwopitot-staticprobes.FromFigure106(b),it isapparentthatthewindanemometerand
thepitot-staticprobesworkedproperlyforthefirst2.4hrofthetest.Beyondthis,thedataarequestionable.During
thistest,wenoticedthattheairspeedsensorfailedonthewindanemometerandthatthedelta-pressuretransducers
wereoverranged.Figure106(c)showstemperaturesmeasurednearthetraverse,incomerD,andoutside.Overthe
courseofthetest,theoutsideairtemperaturevariedbetween72and84°F.ThetraverseandcomerDtemperatures
correlatedwellandrangedbetween59and80°F.Thetraversetemperaturewasalwayshigherthantheaveragecor-
nerDtemperature.Thepeaksandvalleysforthetwotemperatureswereidentical.Figure106(d)showspitchand
yawflowanglesfromthewindanemometer.Theyawanglesatabout5hrintothetestappeartobequestionable
sincetheyarearound90°.Figure106(e)showsthetotalpressuresmeasuredbythetwotraversepitot-staticprobes
andthetotalpressuremeasuredinthetestsection.Thepressuresmatchedatzeroflow(attimesof0.0,1.45,4.1,and
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5.85hr).Generallyspeaking,thetotalpressuredownstreamofthefanincreasedwithincreasingairspeednearthefan
blademidspanandtip.Neartheroot,thetotalpressuredecreasedwithincreasingairspeed.Someoftheseresultsare
clearerinsubsequentfigures.

Figure107(a)showsthewindanemometerairvelocityversustestsectionairspeedforthreedifferentelevations
(Z=23.8,47.6,and73.0in.)andfortwodifferentblockages(noblockageplateandablockageplateat55°).Air-
speedsashighas55and75ft/secweremeasuredfortestsectionspeedsof300mph.Theflatvelocitylinesindicate
thattheairspeedsensoronthewindanemometerwasnotfunctioning.

Figures107(b)and(c)showtheairvelocitiescomputedusingthepressuresfromthetwotraversepitot-static
probes.Muchofthedataarenearzeroandareunusable.Thismayhaveresultedfromthedelta-pressuretransducers
beingoverranged.Thereareacoupleofdatalinesthatvarybetween30and70ft/sec.Thesedatalinesfollowthe
linesseenin figure107(a).

Figures108(a)and(b)showthepitchandcorrectedyawwindanemometerflowangles,respectively.Thepitch
anglesgenerallyvariedbetween15° and-10°;however,thepitchanglesnearthebladeroots(Z=23.8in.)varied
between-15°and-50°.Theyawanglesgenerallyvariedbetween10°and--40°.Twoyawdatalinesvariedbetween
-70°and-95°.However,thesedatalinesarequestionablesincetheyaresocloseto-90°.

Figures109(a)and(b)showthetotalpressurerecoveriesforthetwotraversepitot-staticprobesnormalizedwith
respecitothetestSectiontotalpressure_Thedatafrompitot-staticprobe1(fig.I09(a))isbetterbehavedandmay
beofbetterqualitythanthedatafrompitot-staticprobe2(fig.109(b)).Thedatagenerallyshowincreasingtotal
pressurewith increasing test Section_airspeed near the blade tips (Z = 67.5 _n.), constant total pressure near the blade

midspan (Z = 42.1 in.), and decreasing total pressure with increasing test section airspeed near the blade roots

(Z = 18.3 in.). Figure 109(c) shows the total temperature measured by the traverse normalized with respect to the

average Comer D temperature. The data generally indicate warmer temperatures (by as much as 8 °F) with increasing
test section airspeed.

Measurement Uncertainties

The measurement uncertainties for thedata presented in this appendix are estimated to be +3.0 ft/sec for the

wind anemometer airspeed, +2.0 ° for the wind anemometer pitch and yaw flow angles, _+0.03 psia for the total

pressure and _+0.00005 psid for the delta-pressure (based on accuracy data from the manufacturer), and +1.0 °F for
the temperature.
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TABLE I.-- TEST MATRIX FOR THE t995 TUNNEL-LOOP FLOW QUALITY STUDIES 1N THE NASA
GLENN ICING RESEARCH TUNNEL

[For each test configuration, surveys were conducted corresponding to test section velocity settings Frsof 350,
250, 150, and 50 m

Type ofsurvey I Priority I numberRUn Comment

At station l--downstream of the fan

Flow visualization I 4 I Wa I Baseline
At station 2_ownstream of the drive motor

Vertical at 1/3 and 2/3 tunnel width ] 2a I 14 I BaselineHorizontal at I;3 and 2/3 tunnel !!eight 2a 15 Baseline

At station 3 upstream of the heat exchanger

l/2 and 3;4 tunnel width I lc I 12 I Baseline

At station 4 downstream of the heat exchanger

1,;2 and 3/4 tunnel width l b 3,4,6 Baseline heat exchanger

I/2 and 3f4 tunnel width Ib 4 Exit guide vanes removed

1.,2 and 3/4 tunnel width Ib 4 Replacement guide vanes (stowed)

lie and 3'4 tunnel width lb 5 Replacement _uide vanes (deplo_ced)

At station 5 upstream of the spra_,'bars
Baseline

Baseline

Baseline

Baseline

Baseline

Vertical at

Vertical at

Vertical at

Vertical at

Vertical at

Vertical at 1/4 and 1/2 tunnel width l a 8

Vertical at 1/2 and 3/4 tunnel width I a 9

Horizontal surveys at 1/4 and 1/2 tunnel height I a I 0
Horizontal at t/2 and 3/4 tunnel height l a I I
Flow visualization 4 17

At station 6-downstream of the sprat, bars

Horizontal at I/3 and 2/3 tunnel height I 3 I I7 I Baseline

TABLE 2.--TYPICAL TEST SECTION CONDITIONS FOR THE _L-LOOP FLOW

QUALITY STUDIES

[Conditions were from run 3 _2/13/i 995)_mp_ test section and no icin_spra_,' conditions.]

Flow parameter
Nominal test

section velocit3',
Y_s,

mph

35O

25O

I50

5O

Static Mach Total

pressure_ number, pressure,
P_, M P_,

psia psia

12.315 0.480 14.418

13.321 .339 14.424

14.021 .203 14.430

14.425 .068 14.472

Actual test

section

velocity, Vr._,

mph (ft/sec)

35O.6 (514.2)

250.6 (367.5)

150.7(221,0)

51.0 (74.8)

Total

temperature,
To,

oR

499

5OO

497

503

Fan

speed,

rpm

393

291

180

65
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TABLE3. SUMMARYOFOBSERVATIONSDURINGSMOKEFLOWVISUALIZATIONSINSETTLING
CHAMBER

Verticaldistance
ofsmokeinjection
sitefromsettling
chamberfloor,

ft

6
8
8
10
12
14

6
8

10
12
14

6
8

10
12
14

Test

section

velocity,
1"TS 1

mph

2O0

200

150

150

150

150

150

150

150

150

150

150

150

150

150

150

Vertical

distance of

smoke from

floor in test

section,
ft

Smoke injected
2.0

2.5

2.0L-_0.5
3.0

4.0-+0.5

4.5+_0.5

spanwise near inner wall

Comments

Smoke steady in bellmouth

Smoke steady in bellmouth

Smoke steady in bellmouth and unsteady in test section

Smoke steady in bellmouth

Smoke steady in bellmouth

Smoke steady in beltmouth

Smoke iniected-spanwise near centerline
Spanwise location of smoke was closer to outer wall

Spanwise location of smoke was closer to outer wall

Spanwise location of smoke was closer to outer wall
Spanwise location of smoke was near centerlinc

Spanwise location of smoke was near centerline

1.0+-1.0

2.0-,-_1.0

2.8+_0.5

3.5+ 1.0

3.8_+ 1.0

Smoke in_ected spanwise near outer wall
Smoke followed bellmouth contour smoothly

Some smoke unsteadiness in bellmouth

Smoke unsteady in test section
Smoke unsteadiness reduced

Smoke unsteadiness reduced

I. 0-L-_1.0

2.0£-_0.5

2.5+- 1.0

3.0-+ 1.0

4.0-+1.0

TABLE 4,--SUMMARY OF DATA _ RECORDED DURING EACH RUN DAY FOR EACH TEST

CONFIGURATION

Run day Station

3,4 4
4 4

5 4

5,6 4
6 4

8

9

10

11

12

14

15

17

"Data are stored in

50 mph
210 to 260

348 to 376

465 to 493

583 to 611

681 to 700

860

1168

1425

1588

Reading numbers for various test section velocities,
VTS

to 908

to 1219

to 1469

to 1622

150 mph 250 mph
156 to 206 105to 127; 129to 155
319 to 347 290 to 318

436 to 464 407 to 435

554 to 582 525 to 553

661 to680 641 to 660

811 to 859 761 to 810

1109 to 1159 1050 to 1100

1373 to 14!6 1317 to 1364
1552 to 1587 1516to 1551

3 1785 to 1836 1732 to 1784 1679 to 173t

2 2023 to 2065 1979 to 2022 1934 to 1978

2 2244 to 2293 2195 to 2243 2148 to 2194

6 2432 to 2472 2391 to 2431 2350 to 2390

data base as part of IRT ESCORT program D033.

350mph
54 to 104

261to 289

378to 406
494 to 523

612 to 640

711 to 760

991 to 1041

1265 to 1308
1480 to 1515

1626to 1678

1883 to 1933

2098to 2147

2308to 2349
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TABLE 37. TEST MATRIX
Test section

air speed,
I%,

mph
350
350
3OO
250
2OO
350
250
350

Tunnel total

temperature,

TD.a_ g_

oF
48
15
15
I4
15
17
14
17

Temperature Traverse
condition

VV_arm

Outside air matched
Outside air matched
Outside air matched
Outside air matched

Cold
Outside air matched

Cold

Traverse position
above floor,

Z,
in.

No 79
No 79
No 79
No 79
No 79
No 79
Yes 0 to 314
Yes 0 to 314

TABLE 38. TEST MATRIX

Traverse position, Test section

Z, blockage
in.

18.25
42.1
67.5

Test section air speed,
rrs,

mph
100, 150, 200, 250, 300
100, 150, 200, 250, 300
100_ 150_ 200, 250, 300

Blockage plate at 55°; no blockage plate
Blockage plate at 55°; no blockage plate
Blockage plate at $:_°;no blockage plate

Total temperature,
TD,avg,

°F
60 to 70
60 to 70
60 to 70

Comer
C

_N

Turning
vanes

@

Survey Measurements
plane

(!) Flow visualization

(_) Two horizontal and two vertical surveys

(_) Two vertical Surveys

(_ Two vertical surveys

(_) Three horizontal and three vertical surveys

(_) Two horizontal surveys

®
I

1

Flow 5000-hp fan

Corner
B

2100-ton
cooler

®

,-- Splitter wall
Balance chamber Varichron drive

control room
Secondary
contrul room

6- by 9-ft test section
(maximum speed, 400 mph )sprays

D

Primary
control room

Model " Comer
Comer _ Shop access /

D Spraybar (_) _ door _/
A

control room J

Figure 1 ._Plan view of Icing Research Tunnel, shop, and control room showing tunnel loop survey planes.

NASA/TM--2000-107479 92



Element 4

m,.

Airflow

j- Exit guide vanes straighten out
," / airflow and reduce pressure drop.

/

26-ft
high

•- Inlet fairing

Airflow

Element 3

Element 2

Element 1

Airflow

\\

"-- IRT floor

Figure 2.BElevation view of cooler in IRT.

Figure 3.--Typical wind anemometer used on traversing plates during IRT flow
quality studies.
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Figure 4.--Setup (at station 6, downstream of spraybars) showing typical flow field survey inStallation with
traversing plates.
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Figure5.--Instrumentation configurationon traversingplates duringtunnel-loop flow quality
surveys.(a)Configuration1, usedat stations4 and 5 for runsI to 10 (actual installation
at station 5_horizontal, view from floor). (b) Configuration 2, used at stations 2, 3, 5, and

6 (actual installation at station 2mvertical, view from outside tunnel wall).
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100

0
0.998 1.000 1.002 1.004 1.006 0.998

Total pressure ratio, Po/Po, ts

Traverse

o 1

[] 2

,
1.000 1.002 1.004

Total pressure ratio, Po]Po,ts

Distance from

inside wall, ft
9.46

19.52
i ! 1 t I_L___L__L__j
;I! ) i I )I) | )__J

.006

Figure 6.--Total pressure ratio distributions along vertical surveys downstream of drive motor housing
(station 2). (a) VTS = 350 mph. (b) VTS = 250 mph.

F-Tunnel ceiling (314 in.)
0.0062 )sia

300 --

.... _-._ .....
200 __ -_-_-

0 la) i I I 1, I _ I I I I I l '
1.168 1.170 1.172 1.174 1.176

Static pressure ratio, Ps/Ps, ts

8

E

e-

Traverse Distance from

inside wail, ft
o 1 9.46
[] 2 19.52

I 1 i I I t t I I I I I I t300 _ J__L i_1 !_ _t I

200 , ,' ,'

100 I t t I I I I I _l_ i I

I I t I l 1 I I Y_It _ I I I

Om,o@l l I [ t 11 ['I_+1 I I I
1.078 1__080 1.082 1.084 1.086

Static pressure ratio, Ps/Ps,ts

Figure 7.--Static pressure ratio distributions along vertical surveys downstream of drive motor housing
(station 2_. (=a)VTS = 350 mph. (b) VTS = 250 mph.
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Figure 8.iVelocity distribution measured by pitot-static probes along vertical surveys downstream of drive
motor housing (station 2). (a) VTS = 350 mph. (b) VTS = 250 mph.

Traverse Distance from

inside wall, ft
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Figure 9.--Velocity distribution measured by wind anemometers along vertical surveys downstream of drive
motor housing (station 2). (a) VTS = 350 mph. (b) VTS = 250 mph.

¢.-

_3

NASA/TM--2000-107479 97



r--Tunnel ceiling (314 in.)
/

300 t t t l_l
": ) 1 I I_
O

=o200- ..,_l_j____l-___

100 L I I l_=i_

,..-i (a)) I-_-_- I I [ l
o

0.98 1.00

2.5 °R

==__1 _

1t
] _

1
i
t

] ] i
I I I
I I I

.02 1.04

Total temperature ratio, To/To, ts

300

.__.

200

E

o 100
)

0

Traverse Distance from

inside wall, ft
o 1 9.46
[] 2 19.52

' ''' J 1
- i r I '

I I I I ]_ ........

If' ,I
_ I I iL I i I

.... __I I I
0.98 1.00 1.02 1.04

Total temperature ratio, To/'l'o,ts

Figure 10.--Total temperature ratio distribution along vertical surveys downstream of drive motor housing
(station 2). (a) VTS = 350 mph. (b) VTS = 250 mph.

NASA/TM--2000-107479 98



Figure 11 .--IRT fan exit as viewed from corner C of tunnel (i.e., looking upstream, see fig. 1). Direction
of fan rotation and components of swirl are indicated. Traverse I position was to the right (inside wall)
and traverse 2 to the left. Pitch angle is defined as positive for upflow; positive yaw angle is from inside
wall toward outside wall.
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Figure 107.--Traverse air velocities downstream of the Icing Research Tunnel fan. (a) Measured by
the wind anemometer. (b) Measured by pitot-static probe 1. (c) Measured by pitot-static probe 2.
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